BERYLLIUM 19

3. HEALTH EFFECTS

3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of beryllium. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near
hazardous waste sites, the information in this section is organized first by route of exposure (inhalation,
oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,
developmental, genotoxic, and carcinogenic effects). These data are discussed in terms of three exposure

periods: acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or
lowest-observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the
studies. LOAELS have been classified into "less serious" or "serious" effects. "Serious" effects are those
that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory
distress or death). "Less serious" effects are those that are not expected to cause significant dysfunction
or death, or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a
considerable amount of judgment may be required in establishing whether an end point should be
classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these end points. ATSDR
believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between
"less serious" and "serious" effects. The distinction between "less serious" effects and "serious" effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which

major health effects start to appear. LOAELs or NOAELSs should also help in determining whether or not
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the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user's perspective. Public health officials and others concerned with
appropriate actions to take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAEL) or exposure levels below which no
adverse effects (NOAELSs) have been observed. Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of beryllium are
indicated in Table 3-1 and Figure 3-1. Because cancer effects could occur at lower exposure levels,
Figure 3-1 also shows a range for the upper bound of estimated excess risks, ranging from a risk of 1 in

10,000 to 1 in 10,000,000 (10 to 107), as developed by EPA.

Estimates of exposure levels posing minimal risk to humans (or MRLs) have been made for beryllium.
An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an
appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure. MRLs are
derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive
health effect(s) for a specific duration within a given route of exposure. MRLs are based on
noncancerous health effects only and do not consider carcinogenic effects. MRLs can be derived for
acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),
uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional
uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic
bronchitis. As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.

A User's Guide has been provided at the end of this profile (see Appendix B). This guide should aid in
the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.
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Beryllium is a lightweight metal that has many uses, including some in the aerospace industry. Beryllium
is present in the earth as beryllium ores, such as beryl and bertrandite. Most beryllium compounds are
poorly soluble in water. The most common compound is beryllium oxide, the solubility of which
decreases in water as the temperature at which it is calcined increases. Beryllium carbonate and
hydroxide are also practically insoluble in water. Beryllium chloride, fluoride, nitrate, phosphate, and
sulfate (tetrahydrate) are all soluble in water. Beryllium carbonate, sulfate (tetrahydrate), and hydroxide
are formed during the processing of beryllium containing ores into beryllium metal. Beryllium nitrate is
used as a hardening agent for mantles on gas lanterns. Beryllium phosphate has no commercial uses. As
seen in the discussions below, the solubility of beryllium compounds significantly impacts in the

manifestation of toxic effects.

3.2.1 Inhalation Exposure

Most of the information regarding adverse effects in humans after inhalation exposure to beryllium or its
compounds is available from studies of occupational exposure. In 1952, a Beryllium Case Registry
(BCR) was established to provide a central source for cases of diagnosed beryllium poisoning (acute
berylliosis or chronic beryllium disease). The criteria for entry in the BCR included either documented
past exposure to beryllium or the presence of beryllium in lung tissue as well as clinical evidence of
beryllium disease. Dose-response relationships are difficult to establish in the case of occupational
exposure because reported workroom beryllium levels have generally ranged widely from <0.002 to

1.0 mg beryllium/m’, depending on when the measurements were made. The higher beryllium levels
generally have occurred in the past; improvements in industrial hygiene over the last 30—40 years have
effectively reduced workroom beryllium levels. Numerous studies provide concentration-response
relationships for several end points in experimental animals. However, as discussed in Section 3.5.3, an

animal model has not been identified for the most sensitive health effect, chronic beryllium disease.

3.2.1.1 Death

A number of retrospective cohort studies were conducted from data taken from the Beryllium Case
Registry. The mortality rate among employees who worked at a major beryllium extraction, processing,
and fabricating facility between 1942 and 1968 was higher than the national average, with respect to
cardiovascular and pulmonary diseases (Wagoner et al. 1980). The incidence of death due to
nonneoplastic respiratory disease was higher among employees who remained in the industry for <5 years

after initial exposure and were exposed prior to 1950 when strict exposure controls were initiated.
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Another retrospective cohort study of workers exposed to beryllium during 1952—1975 indicates that the
overall mortality rates were significantly higher compared to the U.S. general mortality rate (Infante et al.
1980). The incidence of death due to nonneoplastic respiratory disease was significantly higher in
workers exposed for $15 years and who developed acute respiratory disease. However, in workers with
chronic respiratory disease, the excess number of deaths was not related to the number of years since
exposure. According to case histories of 3 men and 14 women employed in the beryllium industry for an
average of 17 months, 6 of the women died from pulmonary or cardiovascular disease (Hardy and
Tabershaw 1946). Most of the workers reported having shortness of breath, general weakness (fatigue),
and weight loss. Autopsies revealed granulomatous disease, lung fibrosis, and heart enlargement. These

were the first reported cases of chronic beryllium disease.

As discussed in Section 3.2.1.2 under Respiratory Effects, exposure to beryllium can result in two types
of nonneoplastic respiratory disease, acute beryllium disease and chronic beryllium disease. Both forms
can be fatal. Ten fatalities occurred among 93 cases of acute beryllium pneumonitis that were
documented in two beryllium refineries prior to 1950 (American College of Chest Physicians 1965).
Autopsy of six of the cases revealed that the death occurred only in people with fulminating disease and
resulted from massive pulmonary edema. The survival of workers diagnosed with chronic beryllium
disease appears to be related to their pulmonary pathology. Patients with well-formed granulomas but
with slight or absent interstitial cellular infiltration appeared to have a higher rate of survival than patients
with few or absent granulomas, but with moderate to marked interstitial cellular infiltration (Freiman and

Hardy 1970).

There are several studies regarding death in animals after acute inhalation exposure to beryllium
compounds. Exposure to 31 mg beryllium/m’® as beryllium oxide caused death in 2 of 20 rats (Hall et al.
1950). A 50-minute exposure to an aerosol of beryllium metal at 0.8 mg beryllium/m’ resulted in the
death of 20 of 74 rats 12—15 days after exposure (Haley et al. 1990). Upon necropsy, the rats had
hemorrhagic lungs. All rats exposed to 4.3 mg beryllium/m® (Stokinger et al. 1950) or 2.59 mg
beryllium/m® (Sendelbach and Witschi 1987a) as beryllium sulfate died by day 14 or 18, respectively.
Three of 10 guinea pigs and 2 of 10 hamsters died when exposed to 4.3 mg beryllium/m’ as beryllium
sulfate for 14 days (Stokinger et al. 1950). All monkeys exposed to $13 mg beryllium/m’ as beryllium
hydrogen phosphate died after 8—10 days of exposure (Schepers 1964). Two of four monkeys exposed to
0.184 mg beryllium/m’ as beryllium fluoride died after 7-17 days of exposure. Only one of four
monkeys died after 7 days of exposure to 0.198 mg beryllium/m* as beryllium sulfate.
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The differences observed in the lethality values for certain beryllium compounds are primarily due to
their various solubilities. Beryllium oxide was less toxic than beryllium sulfate, due to its relative
insolubility in the lung. Based on limited comparisons among compounds and species, rats and monkeys

appear to be more sensitive than hamsters and guinea pigs.

Exposure to 0.43 mg beryllium/m’ as beryllium sulfate for #100 days caused death in 23 of 47 rats
(Stokinger et al. 1950). Death was reported in 15 of 23 rats exposed to 30 mg beryllium/m* as beryllium
oxide for 15 days (Hall et al. 1950). When rats, hamsters, and monkeys were exposed to 0.62 mg
beryllium/m?® as beryl or 0.21 mg beryllium/m’ as bertrandite ore for 6 months, 13, 25, and 11% died,
respectively (Wagner et al. 1969). Signs of toxicity included respiratory distress, anemia, and body
weight depression. One of five cats and 2 of 34 guinea pigs died when exposed to 0.43 mg beryllium/m’
as beryllium sulfate for #100 days (Stokinger et al. 1950). Increased mortality was observed in mice,
dogs, hamsters, and goats exposed to 2.0 mg beryllium/m’ as beryllium sulfate for #51 days. The one

monkey similarly exposed also died.

Chronic exposure to 0.034 mg beryllium/m’ as beryllium sulfate for 72 weeks did not increase mortality
among male rats; however, the mortality rate among exposed females was $4 times that of controls
(Reeves et al. 1967). This indicates that female rats may be more sensitive than male rats to chronic

inhalation exposure to beryllium.

The LC,, values and concentrations associated with increased mortality in each species and duration

category are recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.2 Systemic Effects

No studies were located regarding gastrointestinal or musculoskeletal effects in humans or animals after
inhalation exposure to beryllium or its compounds. The respiratory, cardiovascular, hematological,
hepatic, renal, and dermal, and ocular effects observed in humans or animals after inhalation exposure to

beryllium and its compounds are discussed below. The highest NOAEL values and all reliable LOAEL



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

Exposure/ LOAEL
Duration/
Key ta Species _ Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System {mg/m3) {mg/m3) (mg/m3) Chemical Form
ACUTE EXPOSURE
Death
1 Monkey 7-17 d 6hr/d 0.184 (24 died) Schepers 1964
(Macacus) BeF2
2  Monkey 8-10 d 6hr/d 13 (44 died) Schepers 1964
(Macacus) BeHPO4
3  Monkey 7 d 6hr/d 0198  (1/4 died) Schepers 1964
(Macacus) BeSO4
. Haley et al. 1990
4 Rat 50 min 0.8 (20174 died) aeyeta
(Fischer- 344) Be metal
5 Rat 10 d 5d/wk Bhr/d 31 (2020 died) Hall et al. 1950
(Wistar) BeO
Sendelbach and Witschi 1987
6 Rat 14 d 2hr/d 250 (20120 died) endelbach and Witschi
(Fischer- 344) BeSO4
7 Rat 14 d Sd/wk 6hr/d 43 (10010 died) Stokinger et al. 1850
(NS) BeS04
8 GnPig 14 d 5d/wk 6hr/d 43 (310 died) Stokinger et al. 1950
(NS) BeSO4

9 Hamster 14 d 5d/wk 6hr/d

4.3 (210 died)
(NS)

Stokinger et al. 1950
BeS0O4

S103443 HINVIH '€

WNITIAY3E

124



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System {mg/m3) (mg/m3) (mg/m3) Chemical Form
ACUTE EXPOSURE
Systemic
-10 Schepers 1964
10 Monkey 8-10 d 6hr/d Resp 13 (emphysema) P
{Macacus) BeHPO4
Cardio 13 (enlarged heart)
Hepatic 13  (hepatocyte degeneration)
Renal 13 97  (degeneration of the nephrons)
Endocr 13 (hypoplasia of the adrenal
gland)
Bd Wt 13 (severe weight loss, 8-34%)
-18 Schepers 1964
11  Monkey 7-18 d 6hrid Resp 0.184  (emphysema) pe
(Macacus) BeF2
Cardio 0.184  (enlarged heart)
Hepatic 0.184  (hepatocellular degeneration)
Renal 0.184 (degeneration of the nephrons)
Endocr 0.184  (adrenal hypotrophy)
Bd Wt 0.184  (19-23% weight loss)

S103443 HLIV3H '€

WNINIAY38

4



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation (continued)
Exposure/ LOAEL
Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mgim3) Chemical Form
ACUTE EXPOSURE
7 d 6hr/d Schepers 1864
12 Monkey Resp 0.198 (emphysema) P
(Macacus) BeSO4
Cardio 0.198 (enlarged heart)
Hepatic 0.198
Renal 0.198  (glomerular degeneration)
Bd Wt 0.198  (24% average weight loss)
50 mi Haley et al. 1990
13 R?t min Resp 0.8 (acute pneumonitis progressing cyeta
(Fischer- 344) to chronic inflammation and ~ Be metal
necrosis)
14 Rat 10 d 5d/wk 6hr/d Hall et al. 1950
X Resp 31
(Wistar) BeO
Hemato 31
Musc/skel 31
Hepatic 31
Renal 31
Other 31
15 Rat 1hr Hart et al. 1984
8 Resp 0.447  (lung inflammation)
(Fischer- 344) BeO

WNINIAY38

S103443 H1TV3H '€

92



Table 3-1 Levels of Significant Exposure to Beryllium - Inbhalation

Exposure/ LOAEL
Duration/
Key tc? Species Fre_quency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mg/m3) Chemical Form
ACUTE EXPOSURE
16 Rat 1hr . Sendelbach and Witschi 1987
. Resp 7  (increased lactic
(Fischer- 344) dehydrogenase and alkaline BeSO4
phosphatase in bronchoalveolar
lavage fluid)
17 Rat 1hr " Sendelbach et al. 1986
. Resp 13 (pneumonitis)
(Fischer- 344) BeSO4
1h Sendelbach et al. 1989
18 R?t r Resp 4.05 (pneumonitis) endeiba a
(Fischer- 344) BeSO4
19 Mouse 1hr . . Sendelbach and Witschi 1987
Resp 7.2 (increased lactic
(BALB/c) dehydrogenase and alkaline BeSO4
phosphatase in bronchoalveolar
lavage fluid)
1hr ' Sendelbach et al. 1986
20 Mouse Resp 13 (lung inflammation)
(BALBYc) BeSO4
21 M 14 d 5d/wk 6hr/d Stokinger et al. 1950
ouse Bd Wt 43 (13% body weight loss) 9
(NS) BeSO4
22 GnPig 10 d 5d/wk 6hr/d Hall et al. 1950
) Resp 31
(English) BeO
Hepatic 31
Renal 31
Bd Wt 31

S103443 HLV3H '€

NWNITIAN3g

VXA
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Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation (continued)
Exposure/ LOAEL
Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) {(mg/m3) (mg/m3) Chemical Form
ACUTE EXPOSURE
1d Haley et al. 1989
23 Dog Resp 10 (granulomas in lung) aey
(Beagle) BeO
20 mi Robi t al. 1968
24 Dog min Resp 115  (granulomatous foci, opinson eta
(Beagle) inflammation of the lung) BeF2, BeO BeCl2
Bd Wt 115 (transient anorexia, weight loss)
25 Rabbit 10 d 5d/wk 6hr/d Hall et al. 1950
: Resp 31
(New BeO
Zealand)
Hemato 31 (decreased erythrocyte count)
- Hepatic 3
Renal 31
Bd Wt 31
Immuno/ Lymphoret
26 Dog 1d . Haley et al. 1989
10 (lymph node hyperplasia,
{Beagle) lymphocyte stimulation) BeO
INTERMEDIATE EXPOSURE
Death
30 d 6hr/d h 64
27 Monkey 0198  (1/4 died) Schepers 19
(Macacus) BeHPO4
51-100 d 5d/wk 6hr/d i t al. 1
28 Monkey r 2 (11 died) Stoklnger_e al. 1950
(NS) BeS0O4

S103443 HLIV3H '€

8z



Table 3-1 Levels of Significant Exposure to Beryllium - {nhalation

(continued)

Exposure/
Duration/

Key to Species Frequency
figure (Strain) (Specific Route)

Less Serious

Serious
(mg/m3)

Reference

Chemical Form

29

30

31

32

33

34

35

36

37

INTERMEDIATE EXPOSURE

Monkey 6 mo 5d/wk 6hr/d
(Squirrel)

Rat 15 d 5d/wk 6hr/d
(Wistar)

Rat 51-100 d 5d/wk 6hr/d
(NS)

Rat 6 mo 5d/wk 6hr/d

Charles River

Mouse 51 d 5d/wk 6hr/d
(NS)

Gn Pig 51-100 d 5d/wk 6hr/d
(NS)

Hamster 51-100 d 5d/wk 6hr/d
(NS)

Hamster 6 mo 5d/wk 6hr/d

(Golden
Syrian)

Hamster 6 mo 5d/wk 6hr/d

(Golden
Syrian)

0.21

30

0.43

0.21

0.43

0.21

0.62

(increased mortality)

(6/13 males, 9/10 females died)

(23/47 died)

(increased mortality)

(4/38 died)

(2/34 died)

(5/10 died)

(increased mortality)

(increased mortality)

Wagner et al. 1969
BeO

Hall et al. 1950
BeO

Stokinger et al. 1950
BeS0O4

Wagner et al. 1969
BeO

Stokinger et al. 1950
BeS0O4

Stokinger et al. 1950
BeS0O4

Stokinger et al. 1950
BeSO4

Wagner et al. 1969
BeO

Wagner et al. 1969
BeO

S103443 HLv3H ¢

WNITTAY3g

6C



Table 3-1 Levels of Significant Exposure to Beryilium - [nhalation {continued)
Exposure/ LOAEL
Duration/
Key t: Species Fre-quency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
51-100 d 5d/wk 6hr/d Stokinger et l..1950
38 Dog 2 (4/5 died) ingereta
(NS) BeS0O4
51-100 d 5d/wk 6hr/d Stoki t al. 1950
39 Cat W 043 (/5 died) okinger et al
(NS) BeSO4
Systemic
40 Monkey 15 d 5d/wk 6hr/d Hall et al. 1950
Resp 30
(Rhesus) BeO
Bd Wt 30 (marked weight loss)
30 d 6hr/d Sch 1964
41 Monkey r Resp 0.198 (emphysema) chepers
(Macacus) BeHPO4
Hepatic 0.198
Renal 0.198
Bd Wt 0.198  (15-39% weight loss)
51-100 d 5d/wk 6hr/d Stoki t al. 195
42 Monkey W I Resp 004 (emphysema) okinger et al 0
(NS) BeSO4
Bd Wt 0.43  (31% weight loss)

S103443 HLTV3H €

WNITAY3g

oe



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

{(continued)

WNITIAY38

Exposure/ LOAEL
Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System {mg/m3) (mg/m3) (mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
6 mo 5d/wk 6hr/d Wagner et al. 1969
43 Monlfey Resp 0.21 (inflammation of lungs) d
(Squirretl) BeO
Hemato 0.21
Hepatic 0.21
Renal 0.21
Other 0.21
o
T
44 Monk 6 mo 5d/wk 6hr/d Wagner et al. 1969 m
on' ey Resp 0.62 (inflammation of lungs) g P-4
(Squirrel) BeO 3
Hemato 0.62 o
m
Hepatic 0.62 Q
o
Renal 0.62
Bd Wt 0.62
15 d 5d/wk 6hr/d Hall et al. 1950
45 Ra.t Resp 30 (respiratory distress, increased
(Wistar) rates) BeO
Bd Wt 30 (steady weight loss)
180 d 5-6d/wk 4-8hr/d Schepers et al. 1957
40 Rat( Resp 0.035 (metaplasia, granulomas) P
(Wistar) BeS0O4
(Sherman)
47 Rat 10 wk 6hr/d ) . . Stiefel et al. 1980
) Dermal 0.5 (inflammatory reaction on skin)
(Wistar) Be(NO3)2

1€



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Keytd Species _ Frequency NOAEL  Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
48 Rat 51-100 d 5d/wk Bhr/d . . Stokinger et al. 1950
Hemato 0.04 0.43 (macrocytic anemia;
(NS) leukocytosis) BeSO4
Hepatic 2 (increased serum albumin and
globulin)
Renal 0.43 2 (proteinurea)
Bd Wt 2
Wagner et al. 1969
49 Rat 6 mo 5diwk 6hr/d Resp 0.21  (granuloma in lung) gnereta
Charles River BeO
Hemato 0.21
Hepatic 0.21
Renal 0.21
Bd Wit 0.21
50 Rat 6 mo 5d/wk 6hr/d Wagner et al. 1969
X Resp 0.62 .
Charles River BeO
Hemato 0.62
Hepatic 0.62
Renal 0.62
Bd Wt 0.62
i 10 wk 6hr/d Stiefel et al. 1980
51 GnPig Dermal 0.5 (inflammatory reaction on skin)
(Ns) Be(NO3)2

S103443 H1TV3H ¢

WNIMTAY39g

4



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) " System (mg/m3) {mg/m3) (mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
52 Hamster 6 mo 5d/wk 6hr/d Wagner et al. 1969
Resp 0.62
(Golden BeO
Syrian)
Hemato 0.62
Hepatic 0.62
Renal 0.62
Bd Wt 0.62
d Wagner et al. 1969
53 Hamster 6 mo Salwk Bhrl Resp 0.21  (granulomas of the lung) 9
(Golden BeD
Syrian)
Hemato 0.21
Hepatic 0.21
Renal 0.21
Bd Wt 0.21
17. d hr/d Hall et al. 1950
54 Dog > d Sd/wk Bhr Resp 31 (emphysema, atelectasis,
(Mongrel) inflammation) BeO
Hemato 31
Hepatic 31
Other 31

S103443 HLTV3H '€

WNITAY3g

€e



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

{continued)

Exposure/ LOAEL
Duration/
Key tcfl Species Frequency NOAEL  Less Serious Serious Reference
figure  (Strain) (Specific Route) System (mg/m3) {mg/m3) {mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
55 Dog 15 d 5d/wk 6hr/d ) . . Hall et al. 1950
Cardio 30 (decrease in arterial oxygen
(Mongrel) tension) BeO
Hemato 30 (leukocytosis)
Bd Wt 30  (7-14% body weight loss)
40 d 5d/wk 6hr/d Hali et al. 1950
56 Dog Sdiwk 8h Resp 3.6 (emphysema)
(Mongrel) BeO
Cardio 3.6 (decrease in arterial oxygen
tension)
Hemato 3.6 (macrocytic anemia)
Hepatic 3.6 (decreased serum protein)
Renal 3.6
Bd Wit 3.6 (anorexia and 25% weight loss)

S1O03443 HLTV3H ‘¢

WNITTAY38

e



Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation (continued)
Exposure/ LOAEL
a Duration/
Keyto Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) {mg/m3) {mg/m3) Chemical Form

INTERMEDIATE EXPOSURE
57 Dog 51-100 d 5d/wk 6hr/d
(NS)
58 Rabbit 60 d 5d/wk 6hr/d
(New
Zealand)
59 Rabbit 51-100 d 5d/wk 6hr/d
(NS)

Resp

Cardio

Hemato

Hepatic

Renal

Bd Wt

Resp

Hemato

Bd Wt

Resp

Hemato

Bd Wt

0.04

30

30

0.04

0.04

0.43
0.04

0.04

0.43

0.04

30

0.43

Stokinger et al. 1950
BeSO4

0.04 (emphysema)
(decreased arteriai oxygen
tension)
(leukocytosis)
(macrocytic anemia)

(increased serum albumin and
globulin)

(proteinurea)

(body weight loss)

Hall et al. 1950
BeO

(macrocytic anemia)

Stokinger et al. 1950
BeSO4

0.04 (actelectasis)

(macrocytic anemia;
leukocytosis)

S103443 HITVIH '€

WNIMAY38
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Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key toa Species Fre_quency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mg/m3) Chemical Form
INTERMEDIATE EXPOSURE
60 Cat 15 d 5d/wk 6hr/d Hall et al. 1950
Resp 30
(Mongrel) BeO
Bd Wt 30 (anorexia, severe weight loss,
emaciation)
51-100 d 5d/wk 6hr/d Stokin, t al. 1950
61 Cat Resp 0.04 (emphysema) inger e
(NS) BeSO4
Bd Wt 0.04 (severe weight loss)
i 51 5d/wk 6hr/d Stoki et al. 1950
62 Pig Bd Wt 2 (28% weight loss) nger
(NS) BeSO4
Immuno/ Lymphoret
63 Rat 10 wk 6hr/d i . Stiefel et al. 1980
. 0.5 (increased T-cell activity)
(Wistar) Be(NO3)2
64 GnPig 10 wk 6hr/d . . Stiefel et al. 1980
0.5 (increased T-cell activity)
(NS) Be(NO3)2
Cancer
180 d 5-8d/wk 4-8hr/d Sch t al. 1957
&5 Ra.t 0.035 (CEL: lung cancer) chepers et al. 19
(Wistar) BeSO4
(Sherman)
CHRONIC EXPOSURE
Death
72 wk 5d/wk 7hr/d Ree t al. 1967
66 Rat 0.034 (increased mortality of females) eeves ela
(Sprague- BeSO4
Dawley)
Systemic
7 12.6 yr average Cull t al. 1987
67 Human yraverag Resp 0.0012  (breathing difficulties, scarring o en ot @l 198

of the lung) mix
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Table 3-1 Levels of Significant Exposure to Beryllium - inhalation {continued)
Exposure/ LOAEL
a Duration/
Keyto Species Frequency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) {mg/m3) Chemical Form
CHRONIC EXPOSURE
cu Cullen et al. 1987
68 Human (occup) Resp 0.00052  (chronic beryllium disease) N
) mix
Krei t al. 1996
69 Human oectp Resp 0.00055 (beryilium sensitization and resseta
chronic beryllium disease) BeO
70 Monkey 12-23 mo 5d/wk 6hr/d . . Wagner et al. 1969
R Resp 0.62 (inflammation of lungs)
(Squirrel) BeO
Hemato 0.62
Hepatic 0.62
Renal 0.62
Bd Wt 0.62
71 Monk 12-23 mo 5d/wk 6hr/d Wagner et al. 1969
on. 4 Resp 0.21  (inflammation of lungs) J
(Squirrel) BeO
Hemato 0.21
Hepatic 0.21
Renal 0.21
Bd Wt 0.21
72 Rat 72 wk 5d/wk 7hr/d . . . . Reeves et al. 1967
Resp 0.034 (inflammation and proliferation
(Sprague- in lung) BeSO4
Dawley)
Bd Wt 0.034 (decrease in body weight)
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Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tcil Species Fre_quency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) {mg/m3) {mg/m3) Chemical Form
CHRONIC EXPOSURE
6-18 mo 5d/wk 6hr/d Vorwald and Reeves 1959
73 Rat Resp 0.0547 (inflammation and fibrosis of the
(Sherman) lung) BeSO4
74 Rat 6-18 mo 5d/wk 6hr/d . . . Vorwald and Reeves 1959
Resp 0.006 (inflammation and fibrosis of the
(Sherman) lung) BeO
_ Wagner et al. 1869
75 Rat 12-17 mo 5d/wk 6hr/d Resp 021 (granuloma in lung) ag ‘
Charles River BeO
Hemato 0.21
Hepatic 0.21
Renal 0.21
Bd Wt 0.21
12-17 mo 5d/wk 6hr/d Wagner et al. 1969
76 Rat . Resp 0.62 (consolidation of lung) 9
Charles River BeO
Hemato 0.62
Hepatic 0.62
Renal 0.62
Bd Wit 0.62 (decreased body weight gain)
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Table 341 Levels of Significant Exposure to Beryllium - Inhalation (continued)
Exposure/ LOAEL
Duration/
Key toa Species Fre.quency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mg/m3) Chemical Form
CHRONIC EXPOSURE
12-17 5d/wk 6hr/d Wagner et al. 1969
77 Hamster mo SanicEnT Resp 0.21  (granulomas in the lung) agnereta
(Golden BeO
Syrian)
Hemato 0.21
Hepatic 0.21
Renal 0.21
Bd Wt 0.21
78 Hamster 12-17 mo 5d/wk 6hr/d Wagner et al. 1969
Resp 0.62
(Golden BeO
Syrian)
Hemato 0.62
Hepatic 0.62
Renal 0.62
Bd Wt 0.62
Immuno/ Lymphoret
79 Hum occul Cullen et al. 1987
an P 0.00052 (increased T-cell activity)
mix
Cancer
63 wk 5d/wk 8hr/d Vorwald 1968
80 Monkey 0.035 (CEL: lung cancer)
(Rhesus) BeSO4

81

Rat 72 wk 5dfwk 7hr/d

(Sprague-
Dawley)

Reeves et al. 1967
BeS0O4

0.034 (CEL: lung cancer)
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Table 3-1 Levels of Significant Exposure to Beryllium - Inhalation (continued)
Exposure/ LOAEL
Duration/
Key t: Species Fre_quency NOAEL Less Serious Serious Reference
figure (Strain) (Specific Route) System (mg/m3) (mg/m3) (mg/m3) Chemical Form
CHRONIC EXPOSURE
6-18 mo 5d/wk 6hr/d Vi Id and Reeves 1959
82 Rat " 0.0547 (CEL: lung cancer) orwaidan
{Sherman) BeSO4
6-18 mo 5d/wk 6hr/d Y/ Id and R 1959
83 Rat wiesnn 0.006  (CEL: lung cancer) orwald and Reeves
{Sherman) BeO
12-17 mo 5d/wk 6hr/d Wagner et al. 1969
84 Rat i " 0.62 (CEL: lung cancer) 9 a
Charles River BeO

a The number corresponds to entries in Figure 3-1.

Bd Wt = body weight; Be = Beryllium; BeCI2 = beryllium chioride; BeF2 = beryllium fluoride; BeHPO4 = beryillium hydrogen phosphate; Be(NO3)2 = beryllium nitrate;

BeO = beryllium oxide; BePO4 = beryllium phosphate; BeSO4 = beryllium sulfate; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr = endocrine;

Gn pig = guinea pig; hemato = hematological; hr = hour(s); LC50 = lethal concentration, 50% kill; LOAEL = lowest-observed-adverse-effect level; min = minute(s); mix = beryllium
oxides and ores in a refinery; mo = month(s); Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; occup = occupational; Resp = respiratory; wk = week(s)
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Figure 3-1. Levels of Significant Exposure to Beryllium - Inhalation
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Figure 3-1. Levels of Significant Exposure to Beryllium - Inhalation (Continued)
Acute (<14 days)

WNITTAY39

S103443 HLTV3H '€

Systemic <
&
& &
N & W < o<‘°\\>‘
mg/m3 Q&o'z’ (/}\60 906‘5 o «
1000 —
O
100 |— ®10k 24d
0229 O14r O25h 0229 O25h O14r
O10k @10k @10k
10 — ®26d
®21m
1=
®1x P12k P11k o1k @12
01 —

c-Cat -Humans  f-Ferret n-Mink 0 Cancer Effect Level-Animals VCancer Effect Level-Humans W[ D50/LC50
d-Dog k-Monkey j-Pigeon 0-Other ®| OAEL, More Serious-Animals A | OAEL, More Serious-Humans 1 Minimal Risk Level
r-Rat m-Mouse  e-Gerbil ® LOAEL, Less Serious-Animals A OAEL, Less Serious-Humans . for effects
p-Pig  h-Rabbit s-Hamster - ONOAEL - Animals ANOAEL - Humans o, other than
q-Cow  a-Sheep g-Guinea Pig Cancer

44




Figure 3-1. Levels of Significant Exposure to Beryllium - Inhalation (Continued)
Intermediate (15-364 days)
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Figure 3-1. Levels of Significant Exposure to Beryllium - Inhalation (Continued)
Intermediate (15-364 days)
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Figure 3-1. Levels of Significant Exposure to Beryllium - Inhalation (Continued)
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values for each systemic effect in each species and duration category are recorded in Table 3-1 and

plotted in Figure 3-1.

Respiratory Effects. There is extensive evidence in humans that the respiratory tract is one of the
primary targets of beryllium toxicity following inhalation exposure. In general, noncancerous respiratory
effects can be divided into two categories: acute beryllium disease and chronic beryllium disease, also
referred to as berylliosis or chronic berylliosis. Acute beryllium disease is a fulminating inflammatory
reaction of the entire respiratory tract. The respiratory tract symptoms range from mild nasopharyngitis to
a severe chemical pneumonitis, which may be fatal. Acute beryllium disease is usually associated with
exposure to high concentrations of soluble beryllium compounds. VanOrdstrand et al. (1945) describe a
number of cases of acute beryllium disease among workers exposed to beryllium sulfate, beryllium oxide,
beryllium fluoride, and beryllium oxyfluoride. Signs and symptoms observed in the affected workers
included irritation of the nasal and pharyngeal mucous membranes, sore nose and throat, weight loss,
labored breathing, decreased vital capacity, anorexia, and increased fatigue. In a 1948 investigation of
acute beryllium pneumonitis in three U.S. plants producing beryllium compounds from the ore and in
laboratories and shops engaged in research in ceramics and metallurgy of beryllium, all cases of beryllium
pneumonitis were associated with concentrations >0.1 mg beryllium/m’, primarily as beryllium sulfate or
beryllium fluoride (Eisenbud et al. 1948a). The syndrome of acute beryllium disease has been virtually
eliminated in workers first exposed to beryllium after 1950 (initiation of strict exposure limits), except in

instances where there is accidental exposure to high levels of beryllium (Eisenbud and Lisson 1983).

Chronic beryllium disease (CBD) is an inflammatory lung disease characterized by the formation of
granulomas with varying degrees of interstitial fibrosis. Chronic beryllium disease is a beryllium-specific
immune response with primary manifestations in the lung. The symptoms associated with chronic
beryllium disease include chest pain, cough, and/or dyspnea with relatively mild exertion. The clinical
syndrome of chronic beryllium disease was first described by Hardy and Tabershaw (1946) in fluorescent
lamp workers. Seventeen chronically exposed workers developed anorexia, dyspnea, cough, easy fatigue,
and weakness. An autopsy on one of the workers revealed increased lung weight, diffuse fibrosis,
granuloma, abnormal epithelial lining of the bronchioles, and abnormal alveoli and vasculature. Prior to
the adoption of stringent industrial hygiene measures, the incidence of chronic beryllium disease among
beryllium workers was high. Historically, a number of criteria were used for the diagnosis of chronic
beryllium disease: evidence of beryllium exposure, evidence of lower respiratory tract disease and clinical
course consistent with chronic beryllium disease, reticulonodular infiltrates on chest x-ray, obstructive or

restrictive deficits in lung function or a low diffusing capacity for carbon monoxide, and pathological
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evidence of non-caseating granulomas and/or mononuclear cell interstitial infiltrates (Newman et al.
1989). Technological developments in the 1980s (e.g., fiber optic bronchoscopy and transbronchial
biopsy methods, development of the beryllium lymphocyte proliferation test) now allow for the detection
of subclinical cases of chronic beryllium disease and beryllium sensitization in the absence of chronic
beryllium disease. Newman et al. (1989) proposed that chronic beryllium disease can be classified into
three stages: (1) beryllium sensitization—consistent abnormal results for blood and/or lung BeLPT)
results, (2) subclinical chronic beryllium disease—sensitized individuals with histopathological evidence
but no clinical signs, and (3) clinical chronic beryllium disease—sensitized individuals with
histopathological evidence with respiratory symptoms, changes on chest radiographs, or altered

pulmonary physiology.

Although instituting regulatory exposure limits and improved hygiene practices has decreased the number
of cases of chronic beryllium disease among beryllium workers, new cases of chronic beryllium disease
are still being identified in beryllium workers. Cotes et al. (1983) examined 130 workers employed at a
beryllium manufacturing facility for at least 6 months during the period of 1952—-1963. Based on clinical
evaluation including chest x-rays and lung function tests, there were four definite cases of chronic
beryllium disease and one probable case of chronic beryllium disease. Another two workers had chest
x-rays consistent with chronic beryllium disease, but did not have any other alterations. Beryllium
exposure levels were estimated using facility records for total airborne concentrations over the period of
1952-1960. The mean exposure levels for different job processes were 0.029-0.72 ug beryllium/m’ in
1952 and 0.022-0.21 pg beryllium/m’ in 1960. Two of the confirmed cases of chronic beryllium disease
worked in an area of the facility where beryllium concentrations were 0.04 and 0.18 ug beryllium/m’ in
1952 and 1960, respectively. Because these exposure levels were based on general air samples, they may

not be representative of breathing zone beryllium levels.

Five cases of chronic beryllium disease were reported among workers exposed to beryllium oxide fumes
at a precious metals refinery (Cullen et al. 1987). The five workers had abnormal chest x-rays,
noncaseating granulomas, pulmonary fibrosis, and abnormal results for the bronchoalveolar lavage
beryllium lymphocyte proliferation test (BeLPT). A health survey of 45 workers at the same facility was
also conducted (Cullen et al. 1987). Eighteen workers reported lower respiratory tract symptoms (cough,
dyspnea, wheezing). Among these 18 workers, 7 also had abnormal x-rays, such as focal scarring. Time
weighted-average personal air samples, measured during a 2-week period in 1983, throughout the refinery
ranged from 0.22 to 43 ug beryllium/m®, with a mean of 1.2 pg beryllium/m’. Four of the five workers

with chronic beryllium disease worked in the furnace area, where the mean concentration was 0.52 ug
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beryllium/m®. This concentration is considered a LOAEL for chronic beryllium disease. However, it is
possible that the air samples collected during a 2-week period may not be reflective of current or past

exposure conditions.

Reversible respiratory effects were observed in a group of beryllium extraction workers examined by
Sprince et al. (1978). Health surveys (including measurement of lung function and x-rays) were
conducted in 1971 and 1974. When lung function test results and arterial blood gas results were
compared to the 1971 values, a slight statistically significant decrease in peak expiratory flow rate,
increase in alveolar-arterial O, tension and decrease in alveolar-arterial CO, tension were observed in a
group of 111 workers. When workers with radiological abnormalities suggestive of interstitial disease
were re-examined in 1974, nine workers had normal radiographs and nine had radiographs suggestive of
interstitial disease; it should be noted that some of these workers had previous exposure to asbestos, silica,
or soft coal. Improvement in hypoxia and decreased alveolar-arterial O, tension were observed among
13 workers diagnosed with hypoxia in 1971; no change in lung function was observed in this group. The
improvement in respiratory effects corresponded to a dramatic decrease in peak air concentrations of

beryllium.

Several investigators have conducted screening studies to assess the occurrence of beryllium sensitization
and subclinical chronic beryllium disease among beryllium workers. Kreiss et al. (1993a) and Stange et
al. (1996b, 2001) examined workers at the Rocky Flats Technology site involved in the production of
nuclear weapons, Kreiss et al. (1997) and Newman et al. (2001) examined workers at other beryllium
production facilities, and Deubner et al. (2001b) examined beryllium mine workers and workers at a
beryllium extraction facility. In the Kreiss et al. (1993a) study, 895 current workers were examined and
beryllium sensitization, defined as consistently abnormal BeLPT results, was detected in 17 workers
(1.9%). All of these workers had normal chest x-rays. Sixteen of the subjects with beryllium
sensitization underwent clinical evaluation (bronchoalveolar lavage BeLPT and transbronchial lung
biopsy). Chronic beryllium disease (defined as having granulomas on lung biopsy and abnormal blood or
bronchoalveolar lavage [BAL] BeLPT results) was diagnosed in 13 of the subjects. Forty-two subjects
had abnormal chest x-rays, 40 of which underwent clinical evaluation. An additional case of chronic
beryllium disease was detected in this group (this subject had inconsistently abnormal BeLPT results).
Thus, the incidence of chronic beryllium disease in this population was 15/895 (1.7%; one worker
refusing clinical evaluation was included in the beryllium disease group because he had ventilatory
abnormalities suggestive of restrictive disease). The beryllium sensitized individuals did not significantly

differ from the whole cohort in terms of gender, age, history of atopic disease, cigarette smoking status or
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pack years, prevalence of respiratory symptoms, spirometric abnormalities, or profusion of small

opacities on chest x-rays.

Stange et al. (1996b) examined 4,397 current and former employees at the same facility; it is not known if
any of the workers were also included in the Kreiss et al. (1993a) study. Beryllium sensitization was
found in 78 of the workers (1.8%); the beryllium sensitization rate was similar in the current and former
employees (1.2 versus 1.9%). Of the beryllium sensitized workers, 29 were diagnosed as having chronic
beryllium disease (29/4397, 0.66%); chronic beryllium disease was defined as having histologic evidence
of pulmonary granulomatous disease and a positive BAL BeLPT result. Environmental beryllium levels
were measured in the main beryllium production building using fixed airhead samplers (measured for the
period of 1970-1988) and personal air monitoring devices (1984—1987); the mean concentrations were
0.016 and 1.04 pug beryllium/m’, respectively; the 1.04 pg beryllium/m’ is considered a LOAEL because
it more accurately reflected beryllium concentrations in the breathing zone. However, this value does not
take into consideration beryllium levels prior to 1984 and may not be representative of historical

beryllium levels.

A more recent study by this group examined 5,173 workers at the Rocky Flats facility (Stange et al.
2001). Confirmed abnormal blood BeLPT results were found in 98 workers (3.33%). Three years after
the initial screening, 2,891 workers were re-examined; an additional 56 workers had abnormal blood
BeLPT results. The total beryllium sensitization rate was 4.54% (154/5173). The workers with abnormal
BeLPT results or with a small opacity profusion of 1/0 or greater in their chest x-ray underwent medical
evaluations for chronic beryllium disease. The criteria for diagnosis of chronic beryllium disease were
history of beryllium exposure, histopathologic evidence on biopsy of noncaseating granulomas or
mononuclear cell infiltrates in the lung, and a positive blood or BAL BeLPT. Seventy-four cases of
chronic beryllium disease were diagnosed during the initial screening period and 7 additional cases were
diagnosed at the 3-year screening. Beryllium sensitization and chronic beryllium disease were found in
male and female workers employed at the facility for <5 years. Increased odds ratios for beryllium
sensitization were found for workers in the health physics (odds ratio=2.867; 95% confidence interval
[CI]=1.12-7.36), beryllium machinist (odds ratio=3.044; 95% CI=1.95-4.77), construction trades (odds
ratio=2.426; 95% CI=1.48-3.97), and general machinist (odds ratio=1.345; 95% CI=1.00-1.82) job group

categories.

Viet et al. (2000) designed a case control study of workers at the Rocky Flats facility to evaluate the risks

associated with various levels of historical beryllium exposure. Seventy four workers diagnosed as



BERYLLIUM 50

3. HEALTH EFFECTS

beryllium sensitive and 50 workers with chronic beryllium disease were matched by age, smoking status,
gender, and race to an equal number of controls. Workers were diagnosed as beryllium sensitive if two
blood BeLPT results were positive and the clinical evaluation did not reveal chronic beryllium disease;
the criteria used to diagnosis chronic beryllium disease were exposure to beryllium, positive blood and
lung BeLPT results and noncaseating granulomas on lung biopsy. Historical beryllium exposure levels
were estimated using fixed airhead samples in one building (beryllium machine shop); annual exposure
levels were estimated by averaging air samples from 2 random days each month. An individual’s
exposure level was estimated using annual exposure levels; the individual’s work history by job location,
task, and time period; and assignment of relative exposure estimates to each combination of job location,
task, and time period as compared with the beryllium shop machinists. For the chronic beryllium disease
cases, the mean exposure level (0.070 versus 0.025 pg/m?), cumulative exposure level (1.35 versus

0.38 pg-years/m’), and duration of employment (19.1 versus 14.4 years) were significantly higher than
for the controls. For the beryllium sensitive cases, the mean exposure level (0.036 versus 0.026 pg/m’)
was significantly higher than for controls, but there was no significant differences for cumulative
exposure level (0.54 versus 0.40 pg-years/m®) or duration of employment (13.2 versus 14.5 years).
Employment start date was not significantly different for the cases versus control comparisons.
Comparisons between the chronic beryllium disease cases and beryllium sensitive cases revealed
significant differences in mean exposure level (0.070 versus 0.036 pg/m*), cumulative exposure level
(1.35 versus 0.54 pg-years/m’), duration of employment (19.1 versus 13.2 years), and employment start
date (1964.9 versus 1970.2). Significant relationships between chronic beryllium disease and both
cumulative and mean beryllium exposure were also found using logistic regression analysis; significant
relationships were not found for beryllium sensitization. This study cannot be used to establish a LOAEL
for chronic beryllium disease or beryllium sensitization because method used to assess beryllium
exposure (fixed airhead samples) may not be representative of beryllium levels in personal breathing
zones. The study authors note that fixed airhead sampling may underestimate breathing zone levels by a

factor of 0.5-9.

Beryllium sensitization and subclinical chronic beryllium disease has also been found in workers exposed
to beryllium oxide at beryllia ceramics plants. Eight cases of beryllium sensitization were found among
136 current employees at the plant (Kreiss et al. 1996). Five of these workers had consistently abnormal
BeLPT results and were diagnosed with chronic beryllium disease based on the observation of
granulomas. Two workers had inconsistently abnormal BeLPT results and no granulomas; however,

2 years after the initial examination, one of these workers had symptoms of chronic beryllium disease (the

other refused clinical follow-up). A seventh case of chronic beryllium disease was detected in a worker
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who initially had normal BeLPT results but later developed a nonhealing granulomatous response to a
beryllium-contaminated skin wound and an abnormal BeLPT result. Seven of the eight beryllium
sensitized workers were machinists; the beryllium sensitization rate among the machinists was

14.3 versus 1.2% for all other workers. The beryllium exposure levels for the beryllium-sensitized
workers ranged from 0.2 to 1.1 pg beryllium/m?®; the median concentration was 0.55 pg/m’, this is a

LOAEL for beryllium sensitization and chronic beryllium disease.

Additional cases of beryllium sensitization and chronic beryllium disease were identified in a follow-up
to this study (Henneberger et al. 2001). This study examined 151 workers employed at a beryllium
ceramics manufacturing facility; 77 of the workers were employed before 1992 (long-term workers, 76 of
them participated in the first beryllium screening study [Kreiss et al. 1996]) and the remaining workers
began employment at the facility after 1992 (short-term workers). Breathing zone and general area
sample measurements taken from 1981 (when full production of beryllium ceramics began) to 1998 were
used to estimate mean, cumulative, and peak exposure levels. The median and mean exposure levels were
0.39 and 14.9 ug/m’, respectively, for long-term workers and 0.28 and 6.1 pg/m’, respectively, for short-
term workers. Using blood BeLPT, 15 cases of beryllium sensitization were diagnosed; 8 cases among
long-term workers and 7 among short-term workers. Six of these workers were diagnosed as having
chronic beryllium disease (defined as borderline or abnormal BAL BeLPT and/or characteristic
granulomas on lung biopsy). Seven of the eight workers with chronic beryllium disease were long-term
workers. Among long-term workers, no relationships between the prevalence of beryllium sensitization
and time since first exposure, mean exposure level, or cumulative exposure level were found. However, a
higher prevalence of beryllium sensitized workers was seen in the workers with the highest peak exposure
levels. For the short-term workers, positive associations between prevalence of beryllium sensitization

and mean, cumulative, and peak exposure levels were found.

A study of 627 workers at a beryllium manufacturing facility found 43 cases of beryllium sensitization
(6.9%) (Kreiss et al. 1997). Chronic beryllium disease was diagnosed in 24 of the beryllium sensitized
workers (incidence of 4.6%). The highest incidence of chronic beryllium disease was found in ceramic
workers exposed to beryllium oxide (9.0%). The only available monitoring data for this facility is
historic environmental beryllium measurements taken between 1984—1993. However, these monitoring
data can not be used to establish a LOAEL for chronic beryllium disease because ceramic product

manufacturing (the workers with the highest disease incidence) was terminated before 1984.
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Newman et al. (2001) conducted a medical surveillance in a beryllium metal machining facility following
the detection of an index case of chronic beryllium disease in 1995. All current employees were tested
with the blood BeLPT between 1995 and 1997 and were retested 2 years after the initial screening. The
mean age of the current workers was 39 years and the mean duration of exposure was 11.7 years. Of the
235 workers initially tested, 15 had confirmed abnormal blood BeLPT results. Eleven of these workers
underwent clinical evaluation; 8 were found to have chronic beryllium disease with granulomas and/or
mononuclear cell infiltrates on transbronchial lung biopsy. One worker had an abnormal BAL
(bronchioalveolar lavage) BeLPT and lymphocytes in the BAL fluid, but no evidence of granulomas or
infiltrates; this worker was classified as having probable chronic beryllium disease. The remaining three
workers were classified as beryllium sensitized without evidence of chronic beryllium disease. During
the first 2-year interval testing phase (187 workers were retested), five additional workers had
consistently abnormal BeLPT results; three of these workers were diagnosed as having chronic beryllium
disease and one was classified as probably having chronic beryllium disease. During the second interval
testing phase, 109 workers were tested and two cases of abnormal BeLPT results were found. Both of
these individuals were diagnosed as having chronic beryllium disease. Thus, the total number of
beryllium-sensitized workers was 22. Of the 19 undergoing clinical evaluation, 13 workers were
diagnosed with chronic beryllium disease characterized as granulomas and/or mononuclear cell infiltrates
on lung biopsy, and 2 workers were diagnosed with probable chronic beryllium disease. No difference in
duration of employment was found between the workers with chronic beryllium disease and the beryllium
sensitized workers. The workers with chronic beryllium disease were older than the beryllium sensitized
workers (41 years versus 33.5 years); three of the workers were employed for <3 months. With the
exception of the index case, most of the workers with chronic beryllium disease were at the very early

stages and had minimal abnormalities on pulmonary function or on exercise capacity testing.

Kelleher et al. (2001) expanded the results of the Newman et al. (2001) by examining the relationship
between beryllium exposure and beryllium sensitization and chronic beryllium disease. Beryllium
exposure levels for 20 of the beryllium workers with beryllium sensitization (7 workers) or chronic
beryllium disease (13 workers; includes 2 workers with probable chronic beryllium disease) were
compared with beryllium exposure levels for 206 workers employed at the same facility who were
negative for beryllium sensitization. No significant differences in age, employment duration, or smoking
status were found between the cases and controls. A significantly higher proportion of the cases worked
as machinists (odds ratio=4.4; 95% CI=1.1-17.6). The median total beryllium exposure level based on
personal samplers was 0.13 pg/m’. The cases tended to have higher cumulative and median beryllium

exposure levels and cumulative exposures to particle sizes of <6 or <1 pm, but the differences were not
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statistically significant. The respective mean and median cumulative exposures were 6.09 and

2.93 pg/m’-years for the cases and 2.27 and 1.24 pg/m’-years for the controls. None of the cases had
lifetime-weighted average beryllium exposure levels of <0.02 pg/m*; 60% of the cases had lifetime-
weighted averages of >0.20 pg/m’. In the control group, 11% of the workers were exposed to

<0.02 pg/m’ and 48% were exposed to >0.20 pg/m°.

Deubner et al. (2001b) examined 75 workers at a beryllium ore mining and milling facility in Utah. The
workers involved in the mining operation were primarily exposed to beryl ore or bertrandite ore and the
milling operation workers were exposed to these ores and beryllium hydroxide. Three of the workers had
abnormal blood BeLPT results and one had an unconfirmed positive test. The four workers were long-
term employees involved in the facility’s milling operations. Two of the workers with confirmed BeLPT
results underwent biopsy and BAL BeLPT; one of these workers was diagnosed with chronic beryllium
disease (granulomatous lung disease on biopsy). The worker with chronic beryllium disease also worked
at another beryllium facility for 10 years where he was involved in beryllium metal and beryllium oxide
production. General area, breathing zone, and personal lapel samples were used to estimate historical
beryllium exposure. The mean general area, breathing zone, and personal lapel samples ranges were
0.3-1.1, 1.1-8.1, and 0.05-6.9 pug/m’, respectively. Because no cases of beryllium sensitization or
chronic beryllium disease were found in workers who only worked in the mines, the study author
suggested that the form of beryllium may influence the risk for developing beryllium sensitization or

chronic beryllium disease.

Although chronic beryllium disease is usually associated with occupational exposure to beryllium at
manufacturing facilities, it has also been reported in dental technicians (Brancaleone et al. 1998; Kotloff
et al. 1993), in individuals living near beryllium manufacturing facilities, and in families of beryllium
workers who wore contaminated clothing at home (Chesner 1950; Dattoli et al. 1964; Eisenbud et al.
1949; Lieben and Metzner, 1959; Lieben and Williams 1969). Eisenbud et al. (1949) examined

10,000 residents living within 1 mile of a beryllium manufacturing facility. Eleven cases of chronic
beryllium disease (based on radiological evidence) were initially detected; one case was eliminated due to
exposure to beryllium dust on work clothes. Three more cases were detected in a follow-up study
(Sterner and Eisenbud 1951). The study authors estimated that the beryllium concentrations 0.75 miles
from the facility were 0.01-0.1 pg beryllium/m’. Because the affected residents lived within 0.75 miles
of the facility, the 0.01-0.1 pg/m’ concentration range is a NOAEL for clinical chronic beryllium disease.
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Clinical chronic beryllium disease is associated with impaired lung function. Lung function testing in
individuals with chronic beryllium disease has shown reduced vital capacity and total lung capacity,
increased alveolar-arterial oxygen tension difference, arterial hypoxemia, and decreased carbon monoxide
diffusion capacity (Andrews et al. 1969; Johnson 1983; Rossman et al. 1988). A study by Pappas and
Newman (1993) investigated whether early beryllium disease was also associated with impaired lung
function. In this study, lung function test results from 21 “surveillance-identified” subjects (individuals
with abnormal BeLLPT results who did not seek medical attention prior to the diagnosis of beryllium
sensitization) were compared with the results in 15 “clinically-identified” subjects (individuals who
sought medical attention because of respiratory problems or abnormal x-rays). The lung function tests
consisted of spirometry, lung volumes, diffusing capacity for carbon monoxide, arterial blood gases, and
maximal exercise capacity. No alterations in spirometry, lung capacity, blood gases, or diffusing capacity
were found in the surveillance-identified subjects. However, subtle alterations in exercise capacity were
found in 52% of the surveillance-identified subjects, the most common effect was a rise in dead space to
tidal volume ratio during exercise. In contrast, 93% of the clinically-identified subjects had alteration in
lung function. The alterations included mild to moderate airway obstruction, evidence of restriction,
abnormal resting blood gas analysis, and impaired exercise capacity (able to perform less work than

surveillance-identified subjects).

In animals, the respiratory system is also the primary target for inhalation exposure to beryllium. Rats
exposed to 1-100 mg beryllium/m’ as beryllium oxide (calcined at 1,000 EC) for 30—180 minutes had
initial alveolar deposition of 1-63 pg beryllium in the lungs (Sanders et al. 1975). The exact exposure
concentrations were not clearly specified. Rats developed only slight to moderate granulomatous lesions
in the lungs, depending on the amount of alveolar deposition. Dust laden or degenerative macrophages
and a moderate infiltration of lymphocytes were noted in the lungs of rats exposed to beryllium oxide.
Hamsters, similarly exposed until an initial lung burden of 16—17 pg beryllium was achieved, developed
only a few small areas of granuloma formation and degenerating macrophages. Pulmonary lavage fluid
from rats exposed to 0.447 mg beryllium/m® as beryllium oxide (calcined at 560 EC) for 1 hour was
examined at various intervals for #21 days after exposure for cell populations, acid and alkaline
phosphatase enzyme activity of lysozyme and lactic dehydrogenase, and biochemical analysis of protein,
lipid, phosphorus, phosphatidyl choline, and sialic acid (Hart et al. 1984). Microscopic examination of
the cell populations revealed inflammation characterized by increased interstitial mononuclear cells and a
thickening of the alveolar septa. Increases in the lipids and proteins and levels of acid and alkaline
phosphatase, lysozyme, and lactic dehydrogenase indicated cellular damage to the type II cells or the

alveolar epithelium. Similar analyses of rats exposed to $3.3 mg beryllium/m’ and mice exposed to
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7.2 mg beryllium/m? as beryllium sulfate for 1 hour and examined for #12 months indicated the
occurrence of pneumonitis with thickening of the alveolar walls and inflammation of the lung
(Sendelbach et al. 1986, 1989; Sendelbach and Witschi 1987b). Increased levels of acid and alkaline
phosphatase, and lactic dehydrogenase in the lavage fluid of the lungs of treated rats and mice indicated
damage to the cellular populations; the increase in protein indicated alveolar damage. These studies
demonstrate the ability of soluble beryllium compounds to damage the lung long after exposure ceases.
Dogs exposed to 10 mg beryllium/m® as beryllium oxide calcined at 500 or 1,000 EC developed
granulomas in the lung (Haley et al. 1989). Histopathology also revealed intense alveolar septal fibrosis
and epithelial hyperplasia. Beryllium oxide calcined at 500 EC was associated with higher incidences of
lesions, due to its greater solubility. Dogs exposed to 115 mg beryllium/m® as a mixture of beryllium
oxide, beryllium fluoride, and beryllium chloride for 20 minutes, had inflamed lungs and granulomatous
foci (Robinson et al. 1968). Increased lung weight, inflammation, emphysema, and fibrosis of the lung
were observed in monkeys exposed to 0.198 mg beryllium/m® as beryllium sulfate for 7-17 days
(Schepers 1964). Monkeys exposed to $13 mg beryllium/m’ as beryllium hydrogen phosphate for

8-10 days, and 0.184 mg beryllium/m’ as beryllium fluoride for 7-18 days had severely inflamed and
fibrotic lungs with granulomas. Histology revealed pleuritis, congestion, emphysema, consolidation, and
edema of the lung. The severity of these effects was more notable with beryllium fluoride than with
beryllium sulfate or beryllium hydrogen phosphate, partly due to the fluoride component which may form
hydrofluoric acid in the lung as beryllium fluoride dissociates. Rats, rabbits, and guinea pigs exposed to
31 mg beryllium/m’ as beryllium oxide for 10 days did not have any histological evidence of lung
damage (Hall et al. 1950).

Animals exposed to beryllium compounds for intermediate durations had health effects similar to those
caused by acute exposure. Rats and hamsters exposed to 0.21 mg beryllium/m® as bertrandite ore for

6 months developed granulomatous lesions composed of several large, tightly packed, dust laden
macrophages and a few lymphocytes (Wagner et al. 1969). However, when the rats were exposed to
0.620 mg beryllium/m* as beryl ore, the lungs were largely unaffected except for a few small areas of
atypical alveolar wall cell proliferation. Monkeys exposed to 0.210 or 0.620 mg beryllium/m’ as
bertrandite or beryl ore, respectively, had relatively minor changes in the lung. The changes observed
were aggregates of dust-laden macrophages, lymphocytes, and plasma cells near respiratory bronchioles
and small blood vessels. Vascular congestion, emphysema, and pneumonitis were observed during
histological examination of the lungs of dogs exposed to 3.6 mg beryllium/m’ as beryllium oxide for

40 days or to 31 mg beryllium/m® as beryllium oxide for 17.5 days (Hall et al. 1950). Epithelialization of

the alveoli, focal metaplasia, and granulomas were observed in rats exposed to beryllium sulfate for
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6 months (Schepers et al. 1957); however, a nonexposure-related outbreak of pneumonia limits the
interpretation of these results. Exposure of rabbits, dogs, cats, and monkeys to 0.04 mg beryllium/m* as
beryllium sulfate for 100 days caused distortion of the lung structure (Stokinger et al. 1950). The lung
appeared to be severely inflamed and emphysematous, resulting in an increase in dead air space. No
respiratory effects were observed in rabbits, cats, and monkeys exposed to 30 mg beryllium/m’ as

beryllium oxide for 15 days; however, rats experienced respiratory distress (Hall et al. 1950).

Chronic exposure to beryllium and its compounds causes similar health effects as those observed after
shorter exposure durations. Hamsters and monkeys exposed chronically to 0.210 and 0.620 mg
beryllium/m?® as bertrandite or beryl ore, respectively, had relatively normal lung morphology, except that
monkeys had inflamed lungs and hamsters exposed to the bertrandite ore had a few granulomatous lesions
(Wagner et al. 1969). Rats exposed to 0.210 mg beryllium/m’ as bertrandite ore had bronchial
lymphocytic infiltrates, abscesses, consolidated lobes, and granulomatous lesions. Inflamed lungs and
areas of fibrosis and granuloma were observed in rats exposed to 0.620 mg beryllium/m’ as beryl ore.
Proliferative responses of the alveolar epithelium were also observed. Although the beryllium exposure
levels were fairly low in this study, the animals were exposed to 15 mg/m’ of bertrandite ore or beryl ore,
which was the TLV for inert dust. Additionally, the beryllium ores contained high levels of silica
(approximately 64%). It is possible that the high dust and silica exposure levels may have contributed to
the observed effects; it should be noted that silicosis was not observed. Rats exposed to levels as low as
0.006 mg beryllium/m’ as beryllium oxide had inflamed lungs and some fibrosis (Vorwald and Reeves
1959). Chronic exposure of rats to other beryllium compounds caused health effects similar to those
caused by beryllium oxide. Rats exposed to 0.034 mg beryllium/m’ as beryllium sulfate for 72 weeks had
inflamed lungs, emphysema, arteriolar wall thickening, granulomas, fibrosis, and proliferative responses
within the alveoli (Reeves et al. 1967). Rats exposed to 0.0547 mg beryllium/m’ as beryllium sulfate for
6—18 months had inflamed lungs and fibrosis (Vorwald and Reeves 1959).

Cardiovascular Effects. Data regarding the cardiovascular effects of beryllium and its compounds
in humans are limited. Severe cases of chronic beryllium disease can result in cor pulmonale, which is
hypertrophy of the right heart ventricle. In a case history study of 17 individuals exposed to beryllium in
a plant that manufactured fluorescent lamps, autopsies revealed right atrial and ventricular hypertrophy
(Hardy and Tabershaw 1946). An increase in deaths due to heart disease or ischemic heart disease was
found in workers at a beryllium manufacturing facility (Ward et al. 1992). It is not likely that the cardiac

effects are due to direct toxicity to the heart, but rather are a response to impaired lung function.
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Heart enlargement was observed in monkeys after acute inhalation exposure to $13 mg beryllium/m’ as
beryllium hydrogen phosphate, 0.184 mg beryllium/m’ as beryllium fluoride, or 0.198 mg beryllium/m’
as beryllium sulfate (Schepers 1964). Decreased arterial oxygen tension was observed in dogs exposed to
30 mg beryllium/m’ beryllium oxide for 15 days, 3.6 mg beryllium/m’ as beryllium oxide for 40 days
(Hall et al. 1950), or 0.04 mg beryllium/m* as beryllium sulfate for 100 days (Stokinger et al. 1950). The
effects of beryllium compounds on the cardiovascular system probably represent compensatory increases
in cardiac musculature due to pulmonary fibrosis caused by inhalation exposure. The decrease of arterial

oxygen tension reflects the reduced ability of the lung to oxygenate blood.

Hematological Effects. Information regarding the hematological effects of beryllium and its
compounds in humans is limited to case histories. No difference in white blood cell counts, hematocrit,
or differential white blood cell percentages was observed in a machinist with chronic beryllium disease
who worked with beryllium metal (Johnson 1983). A study involving 170 case histories of beryllium
workers in the Cleveland area reported few differences in erythrocyte sedimentation rates, blood counts,

or blood chemistry (VanOrdstrand et al. 1945).

Acute exposure of animals to beryllium and its compounds had little effect on hematological parameters;
however, intermediate-duration exposures caused anemia in several species. Hematological evaluation of
rats and hamsters exposed to 1-100 mg beryllium/m® for 30—180 minutes to achieve initial alveolar
deposition of 1-63 pg beryllium revealed no statistical difference between treated animals and controls
(Sanders et al. 1975). The exact exposure concentration and duration were not clearly reported.

Exposure to 31 mg beryllium/m?® as beryllium oxide did not cause effects on the hematopoietic system in
rats (Hall et al. 1950). No significant differences in leukocyte counts were observed in rabbits similarly
exposed to beryllium oxide for 10 days. However, erythrocyte counts decreased slightly during the

course of exposure.

Rabbits exposed to 307 mg beryllium/m® as beryllium oxide for 60 days developed macrocytic anemia
(Hall et al. 1950). The erythrocyte counts decreased over time, and there was a tendency to develop
hypochromia, indicated by transient decreases in the average mean corpuscular hemoglobin
concentration. Dogs exposed to 30 mg beryllium/m’ as beryllium oxide for 15 days exhibited a moderate,
progressive leukocytosis, while dogs exposed to 3.6 mg beryllium/m’ for 40 days developed macrocytic
anemia manifested as an increased mean corpuscular volume and decreased erythrocyte count. The bone
marrow was almost exhausted. Differential counting of the bone marrow smears indicated a decrease in

erythroblasts and an increase in normoblasts. Exposure to the more soluble compounds of beryllium
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caused effects similar to those of beryllium oxide. Macrocytic anemia developed in rats and rabbits
exposed to 0.43 mg beryllium/m® and dogs exposed to 0.04 mg beryllium/m’ as beryllium sulfate for

100 days (Stokinger et al. 1950). Exposure to 2.0 and 0.43 mg beryllium/m’ as beryllium sulfate in rats,
rabbits, and dogs caused transient leukocytosis; exposure to 2.0 mg beryllium/m’ caused mild
thrombocytosis. With increasing exposure durations, dogs exposed to 0.04 mg beryllium/m’ as beryllium
sulfate had decreased phospholipid and cholesterol content of the red blood cells. The changes in the
biochemical constituents of the red blood cells may reflect a toxic effect on erythropoietic processes in the

bone marrow.

Hematological effects were not observed in rats, hamsters, or monkeys exposed to 0.21 or 0.62 mg

beryllium/m?* as bertrandite or beryl ore, respectively, for 6-23 months (Wagner et al. 1969).

Hepatic Effects. Information regarding hepatic effects in humans after inhalation exposure to
beryllium and its compounds is limited. Following an accidental leakage of beryllium dust, 25 laboratory
workers were exposed to an undetermined concentration of beryllium chloride over a period of

10-20 hours (Zorn et al. 1986). During a 10-month follow-up, no increase was observed in liver
enzymes, serum glutamic oxaloacetic transaminase, or serum glutamic pyruvic transaminase. In another
study involving case histories of 17 individuals exposed to beryllium in a plant that manufactured

fluorescent lamps, autopsy revealed hepatic necrosis in one individual (Hardy and Tabershaw 1946).

Few hepatic effects have been observed in animals after inhalation exposure to beryllium and its
compounds, except at lethal exposure levels. Acute exposure to $13 mg beryllium/m* as beryllium
hydrogen phosphate causes hepatocellular degeneration in monkeys (Schepers 1964). Hepatocellular
degeneration was also observed in monkeys exposed to 0.184 mg beryllium/m* as beryllium fluoride for
7—-18 days. These exposure levels were lethal to monkeys. Histological examination revealed no hepatic
changes in rats, rabbits, guinea pigs or hamsters following acute inhalation exposure to either beryllium

oxide or beryllium sulfate (Hall et al. 1950; Sanders et al. 1975).

Intermediate-duration exposure of rats, monkeys, and hamsters to 0.210 and 0.620 mg beryllium/m’ as

bertrandite or beryl ore did not result in histological evidence of hepatic damage (Wagner et al. 1969).

Decreases in serum protein concentration and the albumin/globulin ratio in the blood indicated that some
liver damage occurred in dogs exposed to 3.6 mg beryllium/m® as beryllium oxide (Hall et al. 1950). Rats

and dogs exposed to 2.0 and 0.04 mg beryllium/m* as beryllium sulfate, respectively, had increased serum
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albumin and globulin levels (Stokinger et al. 1950). Histological examination of rats exposed to
0.035 mg beryllium/m’ as beryllium sulfate for 30 days revealed no hepatic damage (Schepers et al.
1957).

No adverse hepatic effects were revealed by histological examination or liver enzyme analysis of rats,
hamsters, and monkeys chronically exposed to beryllium oxide as bertrandite or beryl ore (Wagner et al.

1969).

Renal Effects. Kidney stones were observed in . 10% of the cases of chronic beryllium disease
collected by the Beryllium Case Registry up to 1959 (Hall et al. 1959). In addition, an excess of calcium
in the blood and urine has been seen quite frequently in patients with chronic beryllium disease. These
effects are only suggestive and cannot be absolutely attributed to beryllium disease (Stoeckle et al. 1969).
In a cohort mortality study of workers employed at beryllium manufacturing facilities, an increased risk
of death from chronic and unspecified nephritis, renal failure, and other renal sclerosis was observed

(Ward et al. 1992).

Renal effects in animals after inhalation exposure to beryllium and its compounds are minor, except at
lethal concentrations. No adverse renal effects were detected by urinalysis, kidney weight measurement,
or histological examination in rats, rabbits, hamsters, and guinea pigs exposed to beryllium oxide for
acute durations (Hall et al. 1950; Sanders et al. 1975). Guinea pigs, mice, hamsters, and rats exposed to
4.3 mg beryllium/m* as beryllium sulfate had protein in the urine; however, there was no protein in the
urine of similarly exposed rabbits (Stokinger et al. 1950). No other measures of renal integrity were
conducted in this study. Histological examination revealed glomerular degeneration in the kidneys of
monkeys exposed to 0.198 mg beryllium/m’ as beryllium sulfate, 0.184 mg beryllium/m? as beryllium
fluoride, or $13 mg beryllium/m’ as beryllium hydrogen phosphate (Schepers 1964). These
concentrations were lethal to the monkeys. No histological evidence of renal damage was observed in

rats exposed to 0.035 mg beryllium/m’ as beryllium sulfate.

Intermediate-duration exposure (6 months) of rats, hamsters, and monkeys to 0.210 or 0.620 mg
beryllium/m?* as bertrandite or beryl ore, respectively, did not result in evidence of renal effects during
histological examination or enzyme analysis (Wagner et al. 1969). No renal effects were observed in
dogs exposed to 31 mg beryllium/m’ as beryllium oxide for #40 days. Urinary protein increased in dogs
exposed to 0.43 mg beryllium/m’ and rats exposed to 2.0 mg beryllium/m* as beryllium sulfate for
51-100 days (Stokinger et al. 1950).
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No renal effects were identified by histological examination or enzyme analysis in rats, hamsters, and
monkeys exposed for 12—17 months to 0.21 or 0.62 mg beryllium/m® as bertrandite or beryl ore (Wagner
et al. 1969).

Endocrine Effects. Evidence of the effects of beryllium and its compounds on the endocrine system
has been observed in humans and animals. One out of 17 workers exposed to beryllium in a fluorescent
lamp manufacturing plant died from chronic beryllium disease (Hardy and Tabershaw 1946).

Histological examination of the adrenal glands revealed marked hyperemia and vacuolization.

Effects on the adrenal gland have also been observed in animals exposed to beryllium compounds.
Histological examination of monkeys exposed to 13 mg beryllium/m’ as beryllium hydrogen phosphate or
0.184 mg beryllium/m’ as beryllium fluoride revealed marked hypoplasia and hypotrophy of the adrenal
gland (Schepers 1964). However, the adrenal glands of monkeys exposed to 0.196 mg beryllium/m’ as
beryllium sulfate were normal. Rats and hamsters exposed to 1-100 mg beryllium/m’ as beryllium oxide
for 30—180 minutes had increased adrenal weight (Sanders et al. 1975). The exact exposure

concentrations were not specified.

Dermal Effects. Skin biopsies revealed granulomas containing beryllium in twins occupationally
exposed to beryllium (McConnochie et al. 1988). Positive patch tests with soluble beryllium compounds
were obtained in all 32 patients tested with known chronic beryllium disease, indicating that the patch test
is useful in the diagnosis of chronic beryllium disease (Curtis 1959). However, the patch test using
soluble beryllium compounds itself may be sensitizing and may exacerbate the condition in patients with
chronic beryllium disease (Cotes et al. 1983; Epstein 1983; Stoeckle et al. 1969; Tepper 1972),

contraindicating the use of patch testing in humans.

Rats and guinea pigs exposed to 0.5 mg beryllium/m’ as beryllium nitrate for 10 weeks had a typical
delayed allergic reaction 24—48 hours after beryllium salts were applied to the skin (Stiefel et al. 1980).

Ocular Effects. There is limited information on the ocular toxicity of beryllium. According to a case
history, twins occupationally exposed to beryllium had reduced tear secretions (McConnochie et al.

1988).
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Body Weight Effects. Effects on body weight have been observed in humans after inhalation
exposure to beryllium or its compounds. Weight loss was common among workers with acute beryllium
disease (VanOrdstrand et al. 1945). Weight loss was also reported in workers at a fluorescent lamp

manufacturing plant with chronic beryllium disease (Hardy and Tabershaw 1946).

Weight loss, severe at times, has been observed in monkeys, rats, mice, dogs, and cats after acute-,
intermediate-, and chronic-duration inhalation exposure to a variety of beryllium compounds. Due to
impaired food consumption and “metabolic changes” (no additional information was provided), monkeys
exposed for acute durations to $13 mg beryllium/m’ as beryllium hydrogen phosphate for 8-10 days,
0.184 mg beryllium/m? as beryllium fluoride for 7-18 days, or 0.198 mg beryllium/m’ as beryllium
sulfate for 7 days lost 8-34, 19-23, or 24%, respectively, of their original body weight (Schepers 1964).
Mice exposed to 4.3 mg beryllium/m’ as beryllium sulfate for 14 days had a 13% decrease in body weight
(Stokinger et al. 1950). Dogs exposed to 115 mg beryllium/m® as beryllium fluoride, beryllium oxide,
and beryllium chloride for 20 minutes had transient weight loss the first 7 days after exposure (Robinson
et al. 1968). No effect on body weight was observed in rabbits exposed to 31 mg beryllium/m’ as
beryllium oxide for 10 days (Hall et al. 1950).

Most of the available information on the effect of beryllium on body weight following intermediate-
duration exposure comes from three studies that tested a variety of animal species. In monkeys, weight
loss was seen following exposure to 0.198 mg beryllium/m® as beryllium phosphate for 30 days (Schepers
1964), 30 mg beryllium/m® as beryllium oxide for 15 days (Hall et al. 1950), or 0.43 mg beryllium/m’ as
beryllium sulfate for 51-100 days (Stokinger et al. 1950); but not in monkeys exposed to 0.620 mg
beryllium/m’® as beryllium oxide for 6 months (Wagner et al. 1969). The magnitude of weight loss ranged
from 15 to 39%. A 3-9% weight loss was observed in rats exposed to 30 mg beryllium/m® as beryllium
oxide for 15 days (Hall et al. 1950); however, a series of studies by Wagner et al. (1969) did not find any
alterations in body weight gain in rats exposed to 0.210 or 0.620 mg beryllium/m® as beryllium oxide.
This study also did not find body weight alterations in hamsters exposed to the same concentrations of
beryllium oxide. Weight loss was also observed in dogs exposed to 3.6 or 30 mg beryllium/m’ as
beryllium oxide for 40 or 15 days, respectively (Hall et al. 1950) or 0.4 mg beryllium/m’ as beryllium
sulfate for 51-100 days (Stokinger et al. 1950). Severe weight loss was also observed in cats exposed to
0.04 mg beryllium/m’ as beryllium sulfate for 51-100 days (Stokinger et al. 1950) or 30 mg beryllium/m’
as beryllium oxide for 15 days (Hall et al. 1950). No effect was observed in rabbits exposed to 0.04 mg
beryllium/m?® as beryllium oxide for 30 days or 2.0 mg beryllium/m’ as beryllium sulfate for 51-100 days
(Stokinger et al. 1950).
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Exposure to 0.034 mg beryllium/m’ as beryllium sulfate for 72 weeks caused more severe body weight
loss among female rats than among males (Reeves et al. 1967). Rats exposed to 0.62 mg beryllium/m* as
beryl ore for 17 months also had significantly reduced body weights, compared to controls (Wagner et al.

1969).

3.2.1.3 Immunological and Lymphoreticular Effects

While acute beryllium disease is a chemical pneumonitis, chronic beryllium disease appears to be an
immunological disease. The evidence that chronic beryllium disease is an immunological disease is
supported by the following. Beryllium can induce classic cell-mediated immune responses in humans and
animals (Barna et al. 1981, 1984; Curtis 1951, 1959; Epstein et al. 1982; Haley et al. 1989; Marx and
Burrell 1973; Saltini et al. 1989, 1990; Stiefel et al. 1980). Beryllium sensitized cells accumulate at sites
of chronic beryllium disease, resulting in granulomas in the lungs (Rossman et al. 1988; Saltini et al.
1989, 1990). Beryllium has been identified within the granulomas of patients with chronic beryllium
disease (Williams and Kelland 1986). Virtually all patients with chronic beryllium disease have a cell-
mediated immune response to beryllium (Rossman et al. 1988; Saltini et al. 1989), and therapy that

controls the immune response (i.e., corticosteroids) can ameliorate the disease (Aronchick et al. 1987).

Nonspecific immunologic findings in chronic beryllium disease include an increase in serum gamma-
globulin levels (Resnick et al. 1970). The existence of specific antibodies to beryllium have been

reported (Clarke 1991), and further research to confirm and identify the antibodies is continuing.

While the results of peripheral blood lymphocyte proliferative responses to beryllium have been variable
in patients with chronic beryllium disease (Kreiss et al. 1989; Newman et al. 1989; Saltini et al. 1989;
Stokes and Rossman 1991; Williams and Williams 1983), the results of lung lymphocyte proliferative

responses to beryllium have been consistently positive (Rossman et al. 1988; Saltini et al. 1989).

Lung lavage studies in patients with chronic beryllium disease have revealed that there is an accumulation
of CD4+T cells in the lungs (Rossman et al. 1988) and that these cells are memory T cells (Saltini et al.
1989). Antibodies to Class II antigens but not Class I antigens will block the beryllium-specific
proliferative response. In addition, antibodies to the IL-2 receptor will also block the beryllium

proliferative response.
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Immunological effects have also been observed in animals after inhalation exposure to beryllium. Dogs
exposed to 10 mg beryllium/m’ as beryllium oxide had a greater immune response to beryllium oxide
calcined at 500 EC than at 1,000 EC, due to the greater solubility of the 500 EC calcined beryllium oxide
(Haley et al. 1989). The dogs exposed to beryllium oxide calcined at 500 EC had higher cell counts in the
bronchoalveolar lavage fluid as a result of an increased lymphocyte population. There was also a greater
response of pulmonary lymphocytes in vitro to beryllium salts. The tracheobronchial lymph nodes had
moderate cortical and paracortical lymphoid hyperplasia resulting from B and T cell activation. The
lymph nodes examined 365 days after treatment were characterized by lymphoid depletion, marked
congestion, and medullary fibrosis. Histological examination of monkeys exposed for 8—10 days to

$13 mg beryllium/m’ or for 30 days to 0.198 mg beryllium/m’ as beryllium hydrogen phosphate revealed
hypoplasia of the lymph nodes (Schepers 1964). The hypoplasia may be a result of the nutritional status
of the animal since most of the monkeys lost body weight and were anorexic. Histological examination
of monkeys exposed for 7-18 days to either 0.198 or 0.184 mg beryllium/m’ as beryllium sulfate or
beryllium fluoride, respectively, revealed marked hyperplasia of the lymph nodes, typical of immune
activation. On the other hand, exposure of rats to 0.035 mg beryllium/m’ as beryllium sulfate for <7 or
30 days did not cause histopathological changes in the suprarenal, pulmonary, or hepatic lymph nodes
(Schepers et al. 1957); the high incidence on non-exposure-related pneumonia limits the interpretation of

this study.

Similar immunological effects have been observed in animals exposed to beryllium for intermediate
durations. Rats and guinea pigs exposed to 0.5 mg beryllium/m’ as beryllium nitrate for 10 weeks had
inflammations typical of delayed hypersensitivity, as assessed by skin tests and lymphocyte proliferation
tests (Stiefel et al. 1980). Lymphocytes exposed in vitro to beryllium salts had increased proliferation
rates greater than those of the controls. Gross and histological examination of the thymus and spleen of
rats, hamsters, and monkeys exposed to 0.21 or 0.62 mg beryllium/m’ as bertrandite or beryl ore,

respectively, for 6-23 months revealed no pathological alterations (Wagner et al. 1969).

The highest NOAEL values and all reliable LOAEL values for immunological effects in each species and

duration category are recorded in Table 3-1 and plotted in Figure 3-1.
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3.2.1.4 Neurological Effects

No studies were located regarding neurological effects in humans or animals after inhalation exposure to

beryllium or its compounds.

3.2.1.5 Reproductive Effects

No studies were located regarding reprod